Abstract Northward shifts due to global warming
Methods and materials
The marginal limits of northern species and southern species in South Korea were compared between 1938-1950 and 1996-2011 using records from two Korean butterfly atlases (Seok 1973; . Data from these atlases were mainly collected from a personal butterfly survey (Seok during 1938 -1950 in Seok 1973 Kim during 1996 , and were supplemented by records from references, as well as museum and personal collections. In the present study, northern species were defined as those that have their southern margin in South Korea, whereas southern species were defined as those that have their northern margin in South Korea. The study of range shifts was limited to non-migratory species (Parmesan et al. 1999) . Of 156 butterfly species (112 northern species and 46 southern species), 41 northern species and 22 southern species were selected for evaluation of range shifts because 164 Climatic Change (2014) 126:163-174 conditions (references in Andrew et al. 2013) . Therefore, insects respond quickly to a changing climate either via adaptation or movement of their range. However, sedentary insects with specialized niches cannot properly track the changing climate (Warren et al. 2001) . Range shifts in butterflies are symbolic of the climatic range shifts of organisms due to the large number of studies, and large volume of evidence for butterflies (Andrew et al. 2013) . It has been determined in the United Kingdom that range shifts of other neglected insect groups are comparable with those of butterflies (Hickling et al. 2006) . Hence, it is acceptable to use the butterfly data as a surrogate for the climatic range shifts in insects. However, the range shifts by butterflies have been mainly reported from Europe (e.g., Parmesan et al. 1999; Hill et al. 2002; Konvicka et al. 2003; Wilson et al. 2005) , and sporadically from North America (e.g., Parmesan 1996; Crozier 2003 Crozier , 2004 . Range shifts by Asian butterflies have not been reported except for a few butterfly species in Japan (Kiritani and Yukawa 2010; Ogawa-Onishi and Berry 2013) as the easternmost archipelago. As data of butterfly range shifts are regionally biased, additional Asian studies are needed to confirm the global range shifts of these insects in the Northern Hemisphere. It is widely reported that northern (cold) margins in the Northern Hemisphere have shifted polewards, whereas southern (warm) margins have not shifted (Wilson et al. 2005 ). This single margin shift has resulted in a northward expansion of ranges rather than a northward shift of ranges (Parmesan et al. 1999 ). This phenomenon has been mainly reported in Europe and North America; thus, we examined whether the single margin shift has occurred in Korean butterflies between 1938-1950 and 1996-2011 , of which the interval (i.e., between mid-years of the two periods) is approximately 60 years. Thomas and Lennon (1999) suggested that range shift values by direct evaluation using records may be overestimated due to the effects of population expansion. They suggested that the intercept value of range shifts in a regression model can be used to evaluate range shifts after eliminating the effects of population expansion. This analytical tool has been applied to evaluate the latitudinal shift by birds and butterflies in Europe and North America (Thomas and Lennon 1999; Hill et al. 2002; Brommer 2004; Zuckerberg et al. 2009 ), and of altitudinal shift of butterflies in Spain (Wilson et al. 2005) . We compared values of latitudinal range shifts by Korean butterflies using direct evaluation from records as well as intercept evaluation by regression analysis. The annual mean temperature in Korea increased by approximately 1.0°C during the 20th century (Kwon 2003) , and it increased by approximately 0.6°C for 60 years considered in the present study Yun et al. 2011) . In South Korea, abundance changes and species turnover of local butterfly assemblages are significantly influenced by climate warming and reforestation and their interaction (Kwon et al. , 2013 . We tested whether this phenomenon occurred on a national scale in Korean butterflies. the number of their recorded localities were five or more in both periods. Recording efforts for these species were different between the two periods (244 localities during 1938-1950, and 402 localities during 1996-2011) . To equalize the recording effects, 244 localities were subsampled from the 402 localities in the recent atlas, which followed Hill et al. (2002) (Fig. S1) . A range margin shift was defined as a latitudinal shift in the five northernmost or southernmost recorded localities between the two periods. Latitudes of five localities were compared between the two periods using the two-samples t-test. Latitudinal shifts are given as equivalent km shifts. The one-sample t-test was used to test whether the average latitudinal shifts of northern or southern margins was different from zero. The x 2 -test was used to test differences in frequency (i.e., number of localities) in contingency tables.
The occurrence of each species during the two study periods was evaluated by standardized grid cells used for detecting long-term changes in Korean butterflies by Kwon et al. (2012) or for evaluating the diversity patterns in Korean butterflies (Choi 2004) . To estimate the occurrence, the point records (Fig. S1 ) were transformed into gridded records using grid cells of 0.5°of latitude and longitude. Occurrence change (C) of each species was estimated by the equation of Thomas and Lennon (1999) ; C=log 10 (no of recorded grid cells in 1996-2011) -log 10 (no of recorded grid cells in [1938] [1939] [1940] [1941] [1942] [1943] [1944] [1945] [1946] [1947] [1948] [1949] [1950] . A simple regression analysis, using C as the independent variable, was used to estimate the values of the margin shift intercepts, which were suggested as a margin shift value after controlling for the effects of population expansion by Thomas and Lennon (1999) . Standard error (SE) is provided with the average margin shifts, occurrence change, and other estimates.
Larval habitats of butterfly species were categorized into two habitat types such as forest and open land (i.e., grassland, forest edges, bushes, young stands, river banks, swampy meadows, agricultural lands, etc.) from the Korean butterfly habitat classification of Kim and Seo (2012) . This category variable was used to test the influence of habitat change on range margin shift and occurrence change, whereas a category variable of distribution type (northern and southern as determined above) was used to test the influence of climate change. It is generally predicted that the occurrence of northern species in a temperate region decreases, but that of southern species increases due to poleward range shifts . Denuded mountains in South Korea have been reforested due to a national reforestation program and a change in energy source (Bae and Lee 2006 , from fire wood to fossil energy). This vegetation change may have led to an increase in forest species but led to a decrease in open land species. In studies of local butterfly communities, these predictions were ascertained with regard to abundance ) and species turnover (Kwon et al. 2013) . The predictions (i.e. decrease in occurrence of northern species and increase of southern species, and increase of forest species and decrease of open land species) were tested by our data. The influence of explaining categorical variables (distribution types, and habitat types) on occurrence change was analysed by analysis of variance (ANOVA) followed by the Fisher LSD multiple comparison test. Range margin shift and occurrence change values were confirmed to be normally distributed (Shapiro-Wilk test, SW-W=0.98, p=0.58 for occurrence change; SW-W= 0.97, p=0.12 for range margin shifts). Statistica ver. 6.1 was used for all statistical analyses.
Results
When range shifts were simply evaluated from five marginal records (i.e., average latitudes of five most marginal localities), both northern and southern margins seemed to move northwards (Fig. 1 , northern margin shifts of 0.44±0.14 latitudinal degree, 48.9±15.2 km, southern margin shifts of 0.27±0.14 latitudinal degree, 30.9±15.8 km), but the average southern margin shift was not significantly different from zero (single sample t-test, northern margin shifts t= (1938-1950 and 1996-2011) were used to estimate margin shifts. A sub-sampled data in 1996-2011 was used to equalize recoding effects (Fig. S1c) . The five most marginal records (average latitude of five northernmost or southernmost localities) of non-migratory species were used for analysis (data provided in Table S1 ). The one-sample t-test was used to test the null hypothesis that the marginal shifts are not different from 0 km (ns: P>0.05, and **: P<0.01).
3.22, df=21, p=0.004; southern margin shifts, t=1.91, df=40, p=0.063). Range margin shifts were significantly dependent on the changes in occurrence in both northern and southern margin shifts with a linear relationship ( Fig. 2a and e) , suggesting that range shifts should be evaluated by the linear relationships of these two factors (Thomas and Lennon 1999). Furthermore, the latitudes of range margins during the older period (1938) (1939) (1940) (1941) (1942) (1943) (1944) (1945) (1946) (1947) (1948) (1949) (1950) were linearly related with the northern margin shifts (Fig. S2a) . The narrow variation in range shifts around N 38°may have been due to the military boundary with North Korea because butterflies were not recorded further north than this boundary during 1996-2011. Thus, range shifts may be underestimated in these northerly recorded species. Although this linear relationship was not found in southern margin shifts (F 1, 39 =2.001, p=0.146, Fig. S2c) , it is likely that this boundary effect also occurred when southern margin shifts were estimated. To eliminate this boundary effect, we reanalyzed range shifts excluding species of which the marginal latitude in 1938-1950 was further north than N 37°. We assumed that the boundary effect might be removed because the distance between N 37°and the military boundary ranged in 167-223 km, which was 3-4-fold longer compared with the average northern margin shift (49 km). This assumption was not based on a robust empirical ground. However, the linear relationship . Lines with equations and P value indicate regression models. A subsampled data in 1996-2011 was used to equalize recoding effects (Fig. S1c) . A total of 41 northern species (a), 34 northern species (b) excluding northerly recorded species were used to control the boundary effect (see details in text), seven northern forest species of these species (c), 27 northern open land species (d), a total of 22 southern species (e), and 10 southern species (f) excluding northerly recorded species. After controlling for the boundary effect, changes in range shift values (intercept values in the regressions) were different between northern and southern margin shifts ( Fig. 2b and e) but the directions of both shifts did not change. Values of southern margin shifts decreased slightly from 30.6 km southwards (Fig. 2a) to 27.9 km southwards (Fig. 2b) after controlling for the boundary effect, whereas those of northern margin shifts increased two-fold from 46.1 km northwards (Fig. 2e) to 95 km northwards (Fig. 2f) . This result suggests that the boundary effect occurred more greatly in the southern species than that in the northern species due to strong northward shifts. Values of all these intercepts were significantly different from zero (p<0.05). The change in occurrence of butterflies was significantly different between northern and southern species and was greater in southern species (northern species=−0.182±0.037, southern species=0.021±0.041; F 1, 59 =8.787, p<0.01), and between forest and open land species with increased forest species (open land species=−0.155±0.033, forest species=0.02± 0.06; F 1, 59 =6.561, p<0.05). These findings confirm two predictions from climate change and habitat change as noted above. However, the expected occurrence change according to habitat change (i.e., greater decrease in open land species than in forest species) occurred in parallel in both northern and southern species (Fig. 3) although the difference was greater in northern species. The two-way ANOVA showed a non-significant interactive influence between distribution type and habitat type for the change in occurrence (F 1, 59 =0.86, p=0.77).
These habitat-dependent responses in northern species may be related with their unexpected southward shift. As expected, the intercept values of northern species were greatly different between forest species (56.5 km southwards, Fig. 2c ) and open land species (13.3 km southwards, Fig. 2d ), but the value of the open land species was not significantly different from zero (t=−0.679, df=25, p=0.504). Thus, the forest northern species enlarged their ranges Fig. 3 Occurrence change in northern and southern butterfly species in South Korea according to habitat types. Error bars indicate one SE, and different letters on the bars indicate significant difference (p<0.05) between cases in the Fisher LSD multiple comparison test after one-way ANOVA (F 3,59 =6.894, p<0.001) . N (number of species) of forest northern species=10, n of open land northern species=31, n of forest southern species=6, and n of open land southern species=16. between latitude and southern margin shift was not found after removal (Fig. S2b) . After removal, 34 northern species and 10 southern species were used to evaluate the margin shifts.
southerly in response to a habitat increase (i.e., increase in forest area due to national reforestation in South Korea, Bae and Lee 2006) although their occurrence did not increase compared to the past (Fig. 3) . Furthermore, the open land northern species did not retract northwards despite the great decrease in their occurrence (Figs. 2d and 3 ).
Discussion
We found that the northern margins of southern species shifted northwards but the southern margins of northern species did not shift northwards rather there was evidence of a southward shift due to habitat enlargement. Our results suggest that range shifts are linearly related with regional occurrence changes that are additively influenced by climate and habitat changes (see the great decrease in open land northern species in Fig. 3) . Therefore, estimating range margin shifts without considering the change in occurrence may lead to erroneous conclusions as evidenced by the northward shifts of the southern margins that are reversed by estimating from the regression method ( Figs. 1 and 2 ). This northward shift was made possible by the decrease in occurrence of northern species rather than by a margin shift (Fig 2a) . This finding is comparable with published studies (Thomas and Lennon 1999; Brommer 2004; Zuckerberg et al. 2009 ). The national patterns of change in occurrence in the present study are comparable with local patterns in two butterfly communities, indicating that southern species increase in richness and abundance compared with northern species, and that forest species increase more compared with open land species (Kwon et al. , 2013 . However, in these studies, there was evidence for interactive influences of climate and habitat changes that open land northern species decreased but open land southern species increased. However, in our data, the occurrence of open land species decreased in parallel with northern and southern species but more drastically in northern species. Thomas and Lennon (1999) suggested that changes in single margins of bird populations may be caused by population expansion in their study of birds of the United Kingdom. After controlling Climatic Change (2014) 126: 163-174 171 As the recordings in the two Korean butterfly atlases were mainly performed by two individuals to determine distributional patterns of Korean butterfly species, the recording periods of two atlases are long (13 and 16 years) and recording efforts were different between them. Even after equalizing the recording efforts, a difference in distribution of recording localities between the two periods remained, although the difference was not significant (Table S2 ). In the sub-sampled data of the second atlas, localities are more numerous in the southern region (further south than N 35°) and in metropolitan proximity grids compared to the past data. This southward bias of recording efforts may have contributed partially to the southward shift by northern species but the northward shifts of southern species clearly appeared despite this recording bias. The underestimation of margin shifts around the political boundary may not be specific to South Korea. Recording limitations beyond the political or natural boundary are more general, so that the boundary effect should be considered when evaluating range margin shifts. A total of 268 butterfly species are recorded on the Korean peninsula (Kim and Seo 2012) , 225 species are recorded in South Korea, and 206 species live there (Kim and Seo 2012) . Kim and Seo (2012) concluded that 183 species are palearctic and 16 species are oriental. Of the 63 species used for range margin shifts, all northern species were palearctic whereas the southern species were palearctic (12 species) and oriental (10 species). Among the analyzed species, similarity was very low at the family and genus levels between northern and southern species (Table S1 ). At the (sub) family level, Nymphalinae species are the main components (20 species, 49 %) of northern species, whereas Nymphalinae (five species, 23 %), Lycaenidae (five species, 23 %), Hesperiidae (four species, 18 %) were similar in richness in southern species. Of 47 genera belonging to the 63 species, only one genus (Argynnis) was common in both northern and southern species.
for the effect of population expansion using regression analysis, the southern boundaries of UK birds did not shift for 20 years, whereas northern boundaries shifted 18.9 km northward. The same approach revealed that Finland's breeding birds have also shifted according to a similar pattern (Brommer 2004) . However, when the same analytical tool was applied to breeding birds in New York State, USA, more evident northward shifts in the southern boundary rather than the northern boundary were found (Zuckerberg et al. 2009 ). Our results coincided with the former cases. When comparing the range shifts with other studies, the annual value of the northern margin shift (1.6 km per year for 60 years) in South Korea was lower than those for Japanese insects (1.9, 4.8, 5.8, and 13 km per year, four species, revised in Ogawa-Onishi and Berry 2013), but comparable with UK arthropods (butterflies 1.8 km, other insects 1.4-4.2 km, other arthropods 0.4-3.4 km in Hickling et al. 2006 ), a North American butterfly species (Atalopedes campestris, 3.4 km in Crozier 2004), and North American southern birds (2.35 km in average, 26 species, Hitch and Leberg 2007) . A global meta analysis revealed that organisms have shifted towards poles by 0.61 km per year on average (Parmesan and Yohe 2003) . However, a study on Australian fauna reported that organisms have responded to ongoing climate change with multidimensional shifts rather than with a one-The annual average of temperature in South Korea, increased by about 0.6°C between the two study periods Yun et al. 2011) , suggesting that the Korean climatic isotherm shifted northwards by an average of 1.5 km each year (about 1°C per 150 km; IPCC 1996), which is similar to the northern margin shift (1.6 km) of southern species. Despite the coincidence between butterfly shift and temperature shift, it should be considered that many factors in addition to the temperature rise (e.g., vegetation change, city enlargements, and change of biotic interactions) might influence the distributional changes of butterfly species in South Korea. The southern margins of northern species shifted southwards rather than northwards. This single margin shift has been reported mainly from Europe and North America (e.g., Parmesan et al. 1999; Thomas and Lennon 1999; references in Wilson et al. 2005; Hitch and Leberg 2007) . However, this finding was also confirmed in East Asia by the present study, suggesting that a single margin shift has widely occurred across the Northern Hemisphere. This result suggests that most species might have expanded their ranges northwards without retracting their southern boundaries in the Northern Hemisphere (Parmesan et al. 1999; McCarty 2001) . Populations in southern boundaries may have shifted upwards rather than northwards in response to climate warming (Pauli 1996; Parmesan et al. 1999; Konvicka et al. 2003; Wilson et al. 2005) . Due to coarse records in the two atlases, we could not analyze the altitudinal shifts. Northern butterfly species in South Korea enlarged their margins even southwards in response to increased habitat. The northern boundary of the skipper butterfly has expanded northwards in North America due to winter warming (Crozier 2003 (Crozier , 2004 . The upward shift in North American warm-adapted ant species is closely related with increases in minimum temperature rather than mean or maximum temperature (Warren and Chick 2013) . A revised analysis of insect tolerance to temperature revealed that heat tolerance (upper thermal limit) shows little geographical variation, but that cold tolerance (lower thermal limit) increases with latitude (Addo-Bediako et al. 2000) . These studies show that the ranges of insects may be mainly limited by low temperatures rather than by high temperatures (Kwon 2014; Kwon et al. 2014) . Therefore, increased temperatures in southern boundaries may not be as critical in determining the ranges of butterflies as decreased coldness in northern boundaries; thus, northern species at the southern boundary may temporally coexist and compete with newly occurring southern species. dimensional shift such as a poleward shift (VanDerWal et al. 2012) .
